J-aggregates of dye molecules are a unique supramolecular structure, which shows great promise in photoelectric devices due to its remarkable optical and transport properties. In this paper, we report the templated formation of J-aggregate nanotubes by the adsorption of 3,3'-diethylthiacarbocyanine iodide on the self-assembled nanotubes of lithocholic acid. The optical and electronic properties of the templated J-aggregate nanotubes are studied. A sensor platform is fabricated by depositing the J-aggregate nanotubes on interdigitated gold electrodes for the detection of dopamine (DA). We find that the current change of the J-aggregate nanotube-based sensor platform in response to DA is linear in the concentration range from 10 nM to 70 nM, giving the detection limit of 0.27 nM.
Introduction
J-aggregates of dye molecules represent an organized supramolecular structure, in which molecules form a head-to-tail staircase arrangement [1] . The strong interaction of transition dipole moments in J-aggregates leads to new electronic excitations. The new electronic excitations in J-aggregates are coherently delocalized over many molecules rather than confined to individual molecules. The delocalized excitation of J-aggregates leads to an intense absorption band (J-band) and favors for efficient electron transfer. Therefore, they have long been used for mimicking photosynthetic light-harvesting antennas [2] [3] [4] [5] . Due to the remarkable optical and transport properties, J-aggregates have also shown great promise in color photography [6] , nonlinear optics [7] [8] , light emitting diodes [9] [10] , and solar cells [11] [12] . However, the application of J-aggregates in biosensors is still limited [13] [14] [15] . This is largely due to the poor stability of J-aggregates in biological fluids, in which the interaction of J-aggregates with proteins and salts may change their structures and consequently optical properties. Recently, efforts have been made in stabilizing J-aggregates by assembling them on lipid vesicles [14] , lipid nanotubes [15] , DNA helix [16] , β-sheet fibrils [17] , and peptide nanotubes [18] .
J-aggregate nanotubes are attractive for efficient electron transfers because they share the molecular packing feature with photosynthetic light-harvesting antennas [19] - [24] . In this paper, we report the formation of templated J-aggregate nanotubes by the adsorption of 3,3'-diethylthiacarbocyanine iodide (DTCC) on the self-assembled nanotubes of lithocholic acid (LCA). The optical and electronic properties of the templated J-aggregate nanotubes are investigated with UV-vis absorption spectra, cyclic voltammetry methods and currentvoltage measurements. We fabricate a sensor platform by depositing the templated J-aggregate nanotubes on interdigitated gold electrodes for the detection of dopamine (DA). DA is known to be an important neurotransmitter in central and peripheral nervous systems [25] . The concentration level of DA is associated with a series of neural diseases including Parkinson's and Alzheimer's diseases [26] . It is for this reason that DA has been long used as an important biomarker in the diagnosis of these neural diseases. Electrochemical methods [27] [28], capillary electrophoresis [29] [30] , and liquid chromatography-mass spectrometry [31] are conventional analytical methods for the detection of DA. However, these methods are time consuming and require expensive instruments. The sensitivity of the J-aggregate nanotube-based sensor platform for DA is studied by measuring the photo-induced current change as a function of DA concentrations. We find that the detection limit of the J-aggregate nanotube-based sensor platform for DA is 0.27 nM, which is two orders of magnitude lower than these conventional analytical methods.
Experimental Section

Materials
Lithocholic acid (LCA), NH 4 OH solution, dopamine (DA), and uric acid (UA) were purchased from Sigma-Aldrich. 3,3'-diethylthiacarbocyanine iodide (DTCC) was purchased from Molecular Probes. All chemicals were used without further purification. Water used in the experiments was purified with Easypure II system (18 MΩ cm, pH 5.7). Silicon wafer and carbon coated copper grids were from Sigma-Aldrich and Electron Microscopy Science, respectively.
Formation of Templated J-Aggregate Nanotubes
LCA was added into 10% w/w NH 4 OH solutionin a glass vial to achieve a final concentration of 3 mM, followed by 5 min sonication in an ultrasonic bath (Branson 1510, Branson Ultrasonics Co.) at 50˚C. LCA nanotubes were formed when LCA solution was cooled to room temperature. Once LCA nanotubes were formed, 0.13 Mm DTCC was added. The mixture was incubated overnight for the adsorption of DTCC on LCA nanotubes, leading to the formation of templated J-aggregate nanotubes, which were then purified through centrifugation to remove excess DTCC. The templated J-aggregate nanotubes are stable for weeks in dark. There is no adsorption spectrum change observed.
Characterization
The morphology of LCA nanotubes and templated J-aggregate nanotubes was studied with a transmission electron microscope (TEM, FEW Technai F30), a scanning electron microscope (SEM, Hitachi S3500N), and an atomic force microscope (AFM, Dimension 3100 Veeco Instruments). For the TEM measurements, nanotubes were dried on carbon coated copper grids. AFM images of nanotubes dried on glass substrates were taken with a silicon nitride cantilever (Nanosensors) with a spring constant of 30 N/m and a resonant frequency of 260 kHz in tapping mode. The optical properties of J-aggregate nanotubes were characterized with a Cary 300 UV-Vis spectrophotometer. Cyclic voltammetry (CV) measurements were performed in aqueous solution containing 1M KCl using a CS 350 Electrochemical workstation, in which templated J-aggregate nanotubes were deposited on an ITO working electrode, a platinum wire acted as the counter electrode and Ag/AgCl served as a reference electrode. Current-voltage (I-V) measurements were performed with a Keithley 2400 sourcemeter.
Fabrication of Interdigitated Gold Electrodes
For the fabrication of interdigitated gold (Au) electrodes, a 100 nm thick SiO 2 insulation layer was first grown on a 3-inch Si wafer by thermal oxidation process. A metallic seed film which consists of 100 nm Au layer over 10 nm Ti layer was then deposited on the top of the SiO 2 layer by e-beam evaporation. A thin layer of positive photoresist (Microposit S1813, Dow Electronic Materials) was then spin-coated (3000 rpm, 30 sec), soft-baked (105˚C, 3 min), exposed under I-line UV aligner (8 seconds) and developed (Microposit MF CID-26 Developer, 35 sec) to obtain photoresist patterns for the interdigitated electrodes with a gap of 20 µm. The developed patterns were hard-baked at 105˚C for 10 min) and used as a protective layer for subsequent etching steps. The Au/Ti seed layer in exposed areas was chemically etched with an Au etchant (KI and I 2 mixture solution) and a Ti etchant (0.5% HF). The remaining photoresist was dissolved in acetone and the interdigitated Au electrodes were formed after cleaning in methanol and deionized water. The schematic illustration of the fabrication of the interdigital gold electrodes is shown in Figure 1. 
Fabrication of J-Aggregate Nanotube-Based Sensor Platform
The interdigitated Au electrodes were cleaned with deionized water before the deposition of templated J-aggregate nanotubes. In our experiments, 4 µL J-aggregate nanotube solution was dropped on the interdigitated Au electrodes and dried in air at room temperature. The J-aggregate nanotube-based sensor platform was immersed in buffer solution at pH 10 for 1 hour, followed by the addition of DA in the dark. After 30 min incubation, the J-aggregate nanotubebased sensor was irradiated with visible light for 30 seconds, followed by measuring current changes with a sourcemeter.
Results and Discussion
The chemical structures of DTCC and LCA are shown in Figure 2 . DTCC is a positively charged carbocyanine dye consisting of two nitrogen-containing heterocyclic ring systems, which are linked by a methane bridge. LCA is a secondary bile acid having a nearly planar steroid backbone and a carboxyl group linked to the steroid backbone through a short alkyl chain. It has been shown that negatively charged LCA in alkaline aqueous solution can self-assemble into tubular structures with different diameters and shapes, depending on experimental conditions [32] - [37] . Figure 3(a) is an AFM image of LCA nanotubes formed in NH 4 OH solution. The LCA nanotubes show a smooth surface and a uniform diameter along their long axis. The hollowness of the LCA nanotubes is clear visible in the TEM image shown in Figure 3(b) . They have an external diameter of ~80 nm and a wall thickness of ~15 nm. The wall thickness of the LCA nanotubes is larger than the length of the LCA molecule (~1.6 nm), suggesting that the wall of the LCA nanotubes has a multi-lamellar structure.
After the adsorption of positively charged DTCC through electrostatic interaction, the surface of negatively charged LCA nanotubes becomes rough (Figure 4(a) ). UV-vis absorption spectra show that the DTCC molecules adsorbed on LCA nanotubes form J-aggregates (Figure 4(b) ). The templated J-aggregate nanotubes show an intense adsorption band (J-band) at 590 nm, which is red-shifted with respect to the adsorption band of DTCC monomer at 550 nm. The delocalized excitation length of J-aggregates, which represents the number of coherently coupled molecules (N coh ) in the J-aggregates, can be calculated from their absorption spectra according to the equation [38] [39]:
where Δν mon and Δν J are the full widths at the half maxima of monomer and J-aggregate absorption bands, respectively. Thus, we use the equation 1 to calculate the delocalized excitation length of the templated J-aggregate nanotubes from their absorption spectra to be 22 monomers. The templated J-aggregate nanotubes were deposited on the interdigitated Au electrodes with a gap of 20 µm for measuring their electronic properties ( Figure  5(a) ). As can be seen in Figure 5 (b), the templated J-aggregate nanotubes form a network bridging the interdigitated Au electrodes. Individual J-aggregate nanotubes without metallic coating are visible in the SEM image shown in Figure  5 (c). The formation of J-aggregate nanotube networks on interdigitated Au electrodes provides a large number of conductive paths for the connection of external circuits. Figure 6 shows the current-voltage (I-V) curves of J-aggregate nanotube networks in the applied voltage from −5 V to +5 V. These I-V curves are symmetrical. There is no change in the I-V curve observed when the J-aggregate nanotube network is exposed to visible light irradiation ( Figure 6 ). We note that the J-aggregate nanotube networks deposited on the interdigitated Au electrodes with the gap of 20 µM are stable in buffer solution over time and during multiple measurements. However, when the gap of interdigitated Au electrodes reduces to 8 µM, the deposited J-aggregate nanotube networks become unstable after being immersed in buffer solution. This result suggests that the contact of J-aggregate nanotubes with the SiO 2 layer plays an important role for immobilizing them on the interdigitated Au electrodes.
We exploit the application of the J-aggregate nanotube network deposited on the interdigitated Au electrodes with the gap of 20 µM as a sensor platform for the detection of DA in alkaline buffer solution. It has been shown that DA has pH-dependent oxidation and reduction potentials ( Figure 7 ) [40] . In alkaline buffer solution, DA is easily oxidized into quinone by oxygen. DA-quinone is an electron acceptor [41] . In our experiments, the J-aggregate nanotube based sensor platform was immersed in 50 mL buffer solution at pH 10, followed by the addition of DA in the dark. It has been shown that DA is able to adsorb on a variety of organic surfaces through strong intermolecular interactions including hydrogen-bonding, π−π interaction, and metal chelation [42] . The J-aggregate nanotubes are stable in the buffer solution at pH 10. There is no adsorption spectrum change observed. After 30 min incubation at room temperature for the oxidization and adsorption of DA on the J-aggregate nanotube networks, the J-aggregate nanotube-based sensor was irradiated with visible light for 30 seconds, followed by measuring the current change under the forward voltage at 5 V. To avoid sensor-to-sensor variations, we used the normalized current change ΔI/I 0 to represent the current response of J-aggregate nanotube-based sensors to DA, where ΔI is I 0 − I, I 0 is the current without DA, and I is the current with DA. As can be seen in Figure 8 , the normalized current change of J-aggregate nanotube based sensors after the addition of 20 nM DA at the forward voltage of 5 V with visible light irradiation is much higher than that without light irradiation. Thus, we infer that the current change of the J-aggregate nanotube-based sensor in response to DA under visible light irradiation is a result of the photoinduced electron transfer (PET) from the excited J-aggregate nanotubes to the adsorbed DA-quinone (see the schematic insert in Figure 8 ).
It is known that the relative HOMO and the LUMO levels between a donor and an acceptor determines the electron transfer. Cyclic voltammetry (CV) measurements show the irreversible oxidation of the templated J-aggregate nanotubes immobilized on ITO in aqueous solution containing 1M KNO 3 ( Figure 9 ). The templated J-aggregate nanotubes are oxidized at the positive potential of +0.43 V with no corresponding reduction peak. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels of J-aggregate nanotubes can be calculated with the following empirical equations [43] :
where E onset is 4.3 V and E g is the optical band gap energy which can be calculated according to the equation [44] : E g = 1242/λ onset . For the templated J-aggregate 
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⊥ PET e -nanotubes, λ onset is 590 nm. Thus, E g is calculated to be 2.10 eV. Using the empirical equations, we find that the E(HOMO) and E(LUMO) level of the templated J-aggregate nanotubes is −4.83 eV and −2.73 eV, respectively. The LUMO level of DA-quinone is −3.85 eV [45] , which is inside the the HOMO-LUMO energy gap of the templated J-aggregate nanotubes, favoring the electron transfer from the excited J-aggregate nanotube to the adsorbed DA-quinone. The current change due to the PET from the excited J-aggregate nanotubes to the adsorbed DA-quinone provides a basis for the detection of DA. Figure 10(a) shows a plot of ΔI/I 0 as a function of DA concentrations in buffer solution at pH 10. The plot can be fitted linearly with a correlation coefficient of 0.9748 in the concentration range from 10 nM to 70 nM, which falls within the concentration level of DA for patients with Parkinson's disease [46] . The detection limit of J-aggregate nanotube sensors for DA is calculated by multiplying the ratio of the standard deviation to the slope of the linear fit curve by 3.3 to be ~0.27 nM. The detection of DA is often complicated by the presence of uric acid (UA), which coexists with DA in vivo at a concentration of 100 -1000 times higher than DA [47] . We find that the current response of the J-aggregate nanotube-based sensors for DA is significantly higher than that for UA even when the concentration of UA is 1000 times higher than DA (Figure 10(b) ). The selectivity of J-aggregate nanotube-based sensors for DA should associate with its high affinity to the J-aggregate nanotubes and the efficient electron transfer between them. 
